Background
In the early 1960s, it was discovered that ribosomes form polyribosomal aggregates that cluster together and act as the functional unit of protein synthesis (Warner et al. 1962; Gierer 1963; Wettstein et al. 1963) . Realization of the cooperative nature of protein synthesis in which one mRNA is translated by many ribosomes simultaneously led to an immediate interest in the spatial topology of these complexes. Although the first images of polysomes suggested linear chains of ribosomes, some later reports found loop-like arrangements of ribosomes (Mathias et al. 1964; Ladhoff et al. 1981) . Complementary biochemical experiments demonstrated that newly added mRNAs would not readily exchange with pre-existing mRNAs already engaged in protein synthesis (Philipps 1965; Adamson et al. 1969; Baglioni et al. 1969) . Taken together, these experiments strongly implicated a mechanism in which the mRNA is arranged in a loop-like conformation and ribosomes go around the loop, thus repeatedly translating the same mRNA molecule (Baglioni et al. 1969) .
Over the next few decades, functional data supporting the existence of a circular form of mRNA during translation amassed (Gallie 1998) . First, the poly(A) tail was suggested to be a 3ʹ enhancer of translation initiation, indicating that it must somehow communicate with the mRNA 5ʹ end during initiation (Jacobson and Favreau 1983; Palatnik et al. 1984) . Several groups later reported that the mRNA cap and poly(A) tail act synergistically to promote translation both in vivo and in vitro (Gallie 1991; Iizuka et al. 1994; Tarun and Sachs 1995) , and this finding was explained as the cooperative function of factors interacting with the 5ʹ and 3ʹ ends during mRNA recruitment to ribosomes (Tarun and Sachs 1995; Preiss and Hentze 1998) . These factors were soon shown to be the eIF4G component 1 3 of the eIF4F cap-binding complex and the poly(A)-binding protein, PABP (Pab1 in yeast) (Tarun and Sachs 1996; Wells et al. 1998) . Hence, the model that mRNAs circularize via the interaction of PABP with the poly(A) tail and eIF4F with the 5ʹ cap was born. This model for translation has become known as the "closed loop" model (Jacobson 1996) and is commonly presented as the general model for eukaryotic translation in biology text books today.
The current model is mRNA-centric, where the ribosome neither recognizes nor modifies the closed loop state of the mRNA. However, our recent study suggests that a ribosome-associated protein, RACK1 (Asc1 in Saccharomyces cerevisiae), is involved in either the recognition and/or function of the closed loop complex (Thompson et al. 2016) . This finding suggests the presence of a mechanism for the ribosome to sense polysome topology, and raises questions about whether such a mechanism could be employed in translational control.
Questioning the universality of the closed loop
The key biochemical experiments supporting the function of the closed loop in translation demonstrated that the mRNA 5ʹ cap and 3ʹ poly(A) tail functionally interact during translation of a reporter mRNA (Gallie 1991; Iizuka et al. 1994; Tarun and Sachs 1995; Tarun et al. 1997; Bergamini et al. 2000; Michel et al. 2000; Svitkin et al. 2001) . In these experiments, and subsequent, similar studies, four mRNA translation substrates were compared: an mRNA with both a 5ʹ cap and 3ʹ poly(A) tail, an mRNA with a cap but without a poly(A) tail, an mRNA with a poly(A) tail but without a cap, and an mRNA with neither cap nor poly(A) tail. In all experiments, adding either a cap or a poly(A) tail to the mRNA independently enhanced translation. Moreover, adding both a cap and poly(A) tail to the mRNA simultaneously conferred more translation than expected based on the independent levels of enhancement.
1 This effect is referred to as cap-poly(A) "synergy" and is taken as evidence for eIF4F and PABP functioning together as a complex connected to the 5ʹ and 3ʹ mRNA ends during translation. In parallel, genetic evidence supported an in vivo requirement for communication between the 5ʹ-and 3ʹ-interacting factors. Specifically, mutations that disrupt the interaction of eIF4G and Pab1 were shown to cause 1 The literature is inconsistent regarding the magnitude of stimulation required for synergy. In many cases, stimulation by the combined action of the cap and poly(A) tail that is greater than the sum of their independent effects is described as "synergy". We favor the null hypothesis that the combination of independent effects will produce stimulation equal to the product of their individual effects. Thus, only enhancement greater than the product constitutes synergy. defects in translation and slowed growth rates in yeast (Tarun et al. 1997; Park et al. 2011) .
However, the complex nature of the biochemical functions of the 5ʹ and 3ʹ ends of the mRNA, as well as those of the protein factors that associate with them, make straightforward interpretation of cap-poly(A) synergy findings difficult. Firstly, cap-poly(A) synergy may not be dependent on formation of the closed loop per se because PABP can promote translation-in trans-of a capped mRNA lacking a poly(A) tail (Munroe and Jacobson 1990; Borman et al. 2002) . This observation makes sense in light of biochemical data showing that PABP enhances the affinity of the eIF4F complex for the mRNA cap even in the absence of a poly(A) tail (Borman et al. 2000; von Der Haar et al. 2000) . Additionally, adding a cap and poly(A) tail to an mRNA may promote mRNA stability in a synergistic manner (because mRNA degradation can occur from either the 5ʹ or 3ʹ end) and it is unclear in some studies to what extent the synergistic effect on reporter expression can be assigned primarily to translational enhancement instead of RNA stability (Kozak 2004) . Finally, PABP has additional functions in translation initiation that may not be connected to its interactions with eIF4F (Munroe and Jacobson 1990; Otero et al. 1999; Kahvejian et al. 2005) . Nevertheless, the preponderance of biochemical evidence for interactions between the 5ʹ-and 3ʹ-bound factors, together with genetic evidence of their biological significance, make a compelling case for the existence of closed loop mRNAs in the cell.
What is the biochemical mechanism whereby the closed loop enhances translation? Several studies have pointed to a system of cooperative interactions between the 5ʹ-and 3ʹ-interacting factors that could explain this effect. PABP binding to eIF4G enhances the affinity of eIF4G for eIF4E. Likewise, eIF4G binding to eIF4E enhances eIF4E affinity for the mRNA 5ʹ cap (Ptushkina et al. 1998; Wei et al. 1998; Borman et al. 2000; von Der Haar et al. 2000) . Thus, mRNAs in a closed loop are expected to have higher affinity for the eIF4F cap-binding complex than linear mRNAs unless there is sufficient free PABP to stabilize all eIF4F-cap complexes in trans. Intriguingly, two different approaches demonstrated that distinct mRNAs do differ in their affinities for the eIF4F cap-binding complex. The first challenged the translation of synthetic mRNAs with an excess of free cap in an extract system (Amrani et al. 2008) , and the second assayed the stable association of yeast mRNAs with eIF4F components by immunoprecipitation and RNA sequencing (Costello et al. 2015) . In both cases, a simple metric predicted which mRNAs would show high affinity for the cap-binding complex-a short open reading frame (Amrani et al. 2008; Thompson et al. 2016) . Importantly, high levels of association with the closed loop factors are predictive of higher levels of translation (Fig. 1) . Taken together, these data suggest that not all mRNAs form stable closed loops, but rather are selectively partitioned into the closed loop complex based on size.
In contrast to the eIF4F cap-binding complex, PABP is found to bind most yeast mRNAs (Costello et al. 2015) . Differences in the dynamics of mRNA dissociation could explain this observation. eIF4F dissociates very rapidly from capped RNA in vitro (k off ~ 3 s −1 ) (O'Leary et al. 2013) , likely leading to loss of mRNA upon dilution (e.g., during wash steps of immunoprecipitation). Although the rate of dissociation of PABP from poly(A) RNA was not determined, the presence of multiple RNA-binding domains within a single molecule of PABP is predicted to increase the lifetime of the complex. If the poly(A)-bound form of PABP substantially reduced the rate of dissociation of eIF4F from the cap (Fig. 2a) , closed loop mRNAs would preferentially co-immunoprecipitate with eIF4E and eIF4G. Consistent with this model, interactions between eIF4G, PABP, and poly(A) are mutually stabilizing in vitro (Le et al. 1997; Safaee et al. 2012) .
The short open reading frame: a universal cis-acting enhancer element? mRNAs with short ORFs associate preferentially with the closed loop factors and are some of the most highly translated in the cell (Arava et al. 2003; Costello et al. 2015; Thompson et al. 2016) . In theory, it is possible that short mRNAs as a group have some other common attribute, such as a cis-acting motif, that enables them to effectively recruit the closed loop factors and maintain high levels of translation. However, such a motif has never been reported. Furthermore, short mRNAs are better translated in diverse eukaryotes and across unrelated functional categories of the encoded proteins (including exogenous reporters), suggesting a universal mechanism. In light of these observations, we suggest an alternative possibility-that the high translational activity of these mRNAs is largely endowed by the simple characteristic of their length. Although the mechanistic basis for translational privileging of short mRNAs is unclear, one suggestion is that diffusion will favor end collision in shorter molecules, which would give the closed loop more opportunities to form (Guo et al. 2015) . This model predicts that total mRNA length matters, and short ORFs are better translated because they tend to occur within shorter mRNAs. Another possibility is that the ribosome somehow senses the length of the ORF during translation and alters the interaction of the mRNA with the closed loop factors, perhaps during intrapolysomal ribosome recycling.
Whatever the mechanism, a length-dependent mechanism for translational enhancement could have several advantages for the cell. First, mRNAs with short ORFs tend to encode highly expressed proteins with housekeeping functions, such as histones, ribosomal proteins, and mitochondrial components (Eisenberg and Levanon 2003) . The functions of this group are tightly coupled to growth and cell division (Warner 1999; Lempiäinen and Shore 2009; De Silva et al. 2015) . Hence, a mechanism to ensure high expression of short ORFs by default would prioritize production of growth-promoting proteins under optimal conditions. Conversely, a mechanism to repress translation of closed-loop-associated mRNAs would allow the cell to conserve its resources in response to stress or poor growth conditions. Length-dependent translational enhancement may provide the base upon which more nuanced sequencespecific regulatory circuits are built.
Can translation's mRNA length bias be regulated?
We recently identified RACK1, a eukaryote-specific ribosomal protein of the small subunit, as a ribosomal factor that can modulate the mRNA length bias of translation (Thompson et al. 2016) . Loss of the RACK1 protein decreased translation of short mRNAs relative to long mRNAs, suggesting a defect in the mechanism that normally acts to promote the heightened translation efficiency of short mRNAs. In the preceding section we have summarized the (Costello et al. 2015 ) have short open reading frames and are highly translated. Wild type translation efficiency data is taken from Thompson et al. (2016) . The Spearman correlation coefficient for each group is indicated (r = −0.50 for all mRNAs and r = -0.40 for strong closed loop mRNAs). The Mann-Whitney U test one-sided p values for differences between strong closed loop mRNAs and other mRNAs is p < 10 −134 for ORF length and p < 10 −131 for wild type translation efficiency evidence that such a mechanism is provided by preferential formation or stabilization of the closed loop complex on short mRNAs. How might a ribosomal protein influence the strength of the mRNA length bias in translation efficiency?
One possibility is that the ribosome recognizes the closed loop form of the cap-binding complex more readily than the non-closed-loop form, and that the RACK1 protein contributes to this selectivity (Fig. 2a) . Intriguingly, the exact mechanism by which the cap-binding complex is recognized by the ribosome is still shrouded in some mystery.
In mammals, eIF4G interacts with the small ribosomal subunit via a bridging interaction with the eIF3 complex (Lamphear et al. 1995; Korneeva et al. 2005) . However, in yeast no interaction between eIF4G and eIF3 has ever been demonstrated, and the domain of eIF4G that binds eIF3 in mammals is not present in yeast (Morino et al. 2000; Marintchev and Wagner 2005; Jivotovskaya et al. 2006) . eIF5 has been suggested to bridge the interaction between the yeast small subunit and eIF4G (Asano et al. 2001) , but mRNA recruitment is unaffected after eIF5 depletion in a Closed loop mRNAs may be more highly translated than linear mRNAs due to higher de novo initiation rates and/or intrapolysomal ribosome recycling. The mutually reinforcing network of interactions between the cap, eIF4E, eIF4G, and PABP on closed loop mRNAs decreases the dissociation rate of the complex. b During activating conditions, eIF4E phosphorylation reduces the affinity of eIF4E for the cap, which could repress translation of linear mRNAs because eIF4E-cap binding is not stabilized by the eIF4G-PABP interaction. eIF4E binding to closed loop mRNAs is stabilized by protein-protein interactions. Closed loop mRNAs may benefit from reduced competition for limiting translation factors. c Under repressing conditions, 4E-BPs disrupt translation in a graded manner. Sub-saturating levels of 4E-BPs repress translation of linear mRNAs, but do not affect closed loop mRNAs because of the low dissociation rate of eIF4E from eIF4G-PABP in the closed loop complex. At saturating 4E-BP concentrations, 4E-BP concentration overcomes the high affinity of the closed loop complex for closed loop mRNAs leading to their translational repression yeast arguing that the function of eIF5 must be redundant with at least one other factor (Jivotovskaya et al. 2006) . The location of the RACK1 protein near the putative eIF4G docking site and its conservation throughout eukaryotes are consistent with a direct and important role in eIF4G-dependent mRNA recruitment. Moreover, RACK1 was found to co-purify with yeast eIF4G under stringent conditions, suggesting they may interact directly (Gavin et al. 2002 (Gavin et al. , 2006 . To explain the selective effect of RACK1 on the translation of closed loop mRNAs, it is necessary to propose that the affinity of eIF4G-PABP for the ribosome is higher than that of eIF4G alone. Although it is unknown if and how PABP affects eIF4G's interaction with the small subunit, there is extensive evidence for allosteric enhancement of binding affinities among the components of the closed loop (see above).
How could environmental signals specifically promote translation of mRNAs in the closed loop? One possibility is that these signals could alter the activity of proteins involved in closed loop formation. eIF4E, eIF4G, and PABP each have identified phosphorylation sites (Joshi et al. 1995; Le et al. 2000; Raught et al. 2000; Rush et al. 2005; Raught and Gingras 2007; Albuquerque et al. 2008; Dephoure et al. 2008; Holt et al. 2009; Swaney et al. 2013) . Although these phosphorylation events are often correlated with growth-inducing signals, the roles of specific phosphorylation sites in promoting translation remain unclear (Scheper and Proud 2002; Jackson et al. 2010) . Phosphorylation of eIF4E on Serine 209 increases in response to a variety of growth-promoting stimuli, and expression of non-phosphorylatable eIF4E causes reduced growth in Drosophila and reduced tumorigenesis in mice (Lachance et al. 2002; Scheper and Proud 2002; Furic et al. 2010) . It was thus unexpected to find that this phosphorylation event decreases the affinity of eIF4E for capped RNA approximately fivefold . However, in the context of the mutually stabilizing interactions of the closed loop, this modest reduction in cap affinity might be inconsequential. Thus, eIF4E S209 phosphorylation could make cellular translation more dependent on closed loop formation and indirectly enhance translation of growth-promoting genes by reducing competition from non-closed-loop mRNAs for limiting initiation factors (Fig. 2b) . Intriguingly, ribosomal RACK1 enhances PKCβII-dependent phosphorylation of eIF4E on S209 in the context of chemotherapy-resistant hepatocellular carcinoma (Ruan et al. 2012) . Thus, RACK1's position on the ribosome might enable coordination of signaling events that promote or repress closed loop mRNA translation in response to changing growth conditions.
Another potential avenue for selective closed loop mRNA regulation is via repression by the eIF4E-binding proteins (4E-BPs), a class of proteins that have been studied extensively for their regulatory link to nutrient status (Richter and Sonenberg 2005) . In their dephosphorylated state, 4E-BPs bind to eIF4E and sterically occlude binding of eIF4G. Upon nutrient or growth factor stimulation, phosphorylation of 4E-BPs causes their dissociation from eIF4E and allows eIF4E binding to eIF4G. Although all eIF4G-dependent initiation is potentially downregulated by 4E-BPs, closed loop mRNAs are likely to show distinct responses. First, decreased dissociation of eIF4E from eIF4G in the context of the closed loop should make this class of mRNA relatively resistant to translational repression by transient exposure to a dephosphorylated 4E-BP. Even if eIF4G dissociates from eIF4E, short mRNAs could maintain a higher local concentration of eIF4G due to tethering by PABP and more frequent encounters between their 5ʹ and 3ʹ ends. Thus, in the presence of sub-saturating levels of dephosphorylated 4E-BPs, short mRNAs would be expected to spend more time bound to eIF4G and therefore translationally active. On the other hand, in the presence of saturating levels of 4E-BPs, these mRNAs would lose all the benefits of the closed loop, including enhanced affinity with the eIF4F complex and the ability to support ribosome recycling, which allows the same mRNA molecule to be translated several times after one primary initiation event (Fig. 2c) . Therefore, the magnitude of translational repression that 4E-BPs exert on closed loop mRNAs may be greater than the repression that they exert on non-closed-loop mRNAs.
Finally, regulation of closed loop mRNA translation could depend more generally on the concentration of ribosomes or certain translation factors in the cell. Lower concentrations of ribosomes may impair non-closed-loop translation more than closed loop translation, either because of the higher affinity of the cap-binding complex for closed loop mRNAs or due to the ability of closed loop mRNAs to reuse the same ribosomes during intrapolysomal ribosome recycling. Therefore, the lower relative protein synthetic capacity of cells in early G1 phase (Polymenis and Aramayo 2015) may favor closed loop translation. After a long period of growth, the higher protein synthetic capacity would be expected to decrease competition for limiting ribosomes and translation factors, thus allowing synthesis of other proteins, such as cyclins that are needed to initiate cell division (Thomas 2000) . Because nearly all cytosolic ribosomal proteins are encoded by closed loop mRNAs, such a translational hierarchy would promote rapid attainment of sufficient protein synthetic capacity before progressing through the cell cycle.
Although short mRNAs show relatively high ribosome density in diverse organisms and cell types, the relationship between mRNA length and closed loop association has not yet been established in metazoan eukaryotes. Regulation of the closed loop could complement the regulation of 5ʹ terminal oligopyrimidine (TOP) mRNAs in metazoans, which are highly translated in favorable growth conditions but rapidly repressed upon the onset of unfavorable growth conditions (Meyuhas and Hornstein 2000) . It seems unlikely that the TOP motif or its associated signaling pathways (Wullschleger et al. 2006 ) directly explain the conserved translational privileging of short mRNAs throughout eukaryotes both because the TOP motif is not found in yeast, and because the group of short, closed-loop-associated mRNAs include many yeast mRNAs that are not homologous to TOP mRNAs (Costello et al. 2015) . However, the fact that TOP mRNAs almost exclusively include ribosomal proteins and translation factors (Meyuhas and Kahan 2014) demonstrates the importance of tight regulation for this group of mRNAs, which is highly overlapping with short closed loop mRNAs in yeast (Costello et al. 2015; Thompson et al. 2016 ).
Perspective
Here we have argued that mRNA length, and perhaps specifically the length of the mRNA open reading frame, can be sensed by the translation machinery to enhance translation of short mRNAs. Many questions remain unanswered, including an explanation for the primary event that determines preferential formation or stabilization of the closed loop on short mRNAs and the mechanism by which the closed loop state is communicated to the ribosome. Nevertheless, answering these questions will give us a deeper understanding of how intrinsic properties of eukaryotic mRNAs determine their translational activity and how the translation of a large group of growth-promoting mRNAs can be coordinately regulated according to the cellular growth state.
